Thrust, specific impulse, thrust efficiency, and coupling efficiency were measured for a nominally 1 kW microwave electrothermal thruster operating on He, N 2 , and N 2 O, and for a 5 kW model operating on water. For He, N 2 , and N 2 O, thrust varied from approximately 100 to 700 mN at discharge pressures from 6:7 10 4 to 2:7 10 5 Pa and magnetron input powers from 900 to 1500 W. Thrust measurements agree well with calculations assuming onedimensional, isentropic flow of a perfect gas with constant specific heats. Peak specific impulses for He, N 2 , and N 2 O were 418, 243, and 209 s, respectively. Water was run at magnetron input powers from 2.1 to 4.1 kW and discharge pressures from 4:0 10 4 to 1:5 10 5 Pa. Thrust varied from approximately 100 to 250 mN with a peak specific impulse of 428 s. Incorporating an impedance matching capability improved coupling efficiency with water to over 96%, but did not increase specific impulse. Measurements with a residual gas analyzer indicate that the water plume may be 50 to 70% dissociated, and that the lack of dependence of specific impulse on specific energy results from a tradeoff between dissociation losses at low specific energy and heating of the thruster body at high specific energy.
I. Introduction H IGH density, low toxicity, wide availability, and ease of storage and transport make water an attractive rocket propellant. High specific impulse and the ability to run water directly without first generating H 2 and O 2 are advantages that may be realized in an electric thruster. Given the low molecular weight and corrosive nature of water at high temperature, an electrodeless, electrothermal thruster may be best suited for this application.
The use of microwave sustained plasmas for propellant heating in electrothermal thrusters has been researched extensively over the past three decades [1] [2] [3] [4] [5] [6] [7] [8] [9] . Nitrogen, helium, hydrogen, and argon have been the most commonly studied propellants in the so-called microwave electrothermal thruster (MET); however, the rigidity of the components used to transfer microwave power to the applicator, as well as the desire to retain the capability to vary applicator geometry during operation, has precluded the use of conventional thrust stand measurements for performance evaluation. In this work, thrust stand measurements were possible through the use of a simplified thruster design, first suggested by Sullivan et al. [10] , then implemented by Brandenburg and Micci [11] , and through the use of a "momentum trap" mounted on a thrust stand. Thrust, specific impulse, thrust efficiency, and microwave coupling efficiency will be presented for a MET running on He, N 2 , N 2 O, and water. We will also discuss results obtained with a residual gas analyzer that allowed estimation of the level of dissociation in the MET water exhaust, yielding valuable insight into water MET power partitioning.
II. Experiment A. Facility
The MET was installed in a 75 cm diam by 1.2 m long vacuum chamber pumped by two roots blowers in series backed by up to eight rotary piston pumps. Chamber pressure for all conditions reported varied from approximately 5 to 21 Pa. At these background pressures the MET nozzle was in all cases underexpanded.
B. MET
The MET (Fig. 1 ) was based on a design published by Sullivan and Micci [12] . The cavity was sized to support the TM 011 resonant mode, with an electric field maximum at each end of the cavity, on the cavity axis. The cavity was divided by a low loss boron nitride (BN) plate, allowing the section coupled to the microwave source to be maintained at atmospheric pressure, ensuring that gas breakdown would occur only at the maximum adjacent to the nozzle. Following breakdown, the plasma electrons absorbed the microwave power very efficiently and transferred it to atomic or molecular species by collisions. Propellant injected into the discharge chamber and heated in this manner was exhausted through a conical convergingdiverging nozzle (Fig. 2) . A graphite nozzle was used while running He, N 2 , and N 2 O. Water rapidly eroded the graphite nozzle, necessitating a switch to anodized aluminum. Throat diameters were 1.14, 1.32, and 1.57 mm for water, and 1.32 mm for the other propellants.
Microwave power at 2.45 GHz was supplied in two configurations. In the first, a magnetron was mated directly to the cavity. This compact configuration [10, 11] had no impedance matching capability, yet still achieved efficient power absorption due to the resonance broadening effect of the high pressure plasma [1, 2, 4, 13, 14] . Two magnetrons were used in this configuration: a nominally 1 kW model obtained from a commercial microwave oven was used to test He, N 2 , and N 2 O, and a nominally 5 kW model was used to test water. To investigate the effect of improved microwave coupling efficiency on performance, a more conventional configuration incorporating an isolator and a 3-stub tuner was tested with the 5 kW magnetron. A section of waveguide welded into a flange carried microwave power into the vacuum chamber. At the thruster, the rectangular waveguide transitioned to the coaxial line, the center conductor of which was fitted with a hemispherically tipped sleeve that served as the coupling probe. Cavity geometry was fixed, and the stub tuner was relied upon exclusively for impedance matching.
C. Propellant Delivery
The propellant delivery system is diagrammed in Fig. 3 . A thermal mass flow meter was used to measure He, N 2 , and N 2 O flow rates. The meter was calibrated in place by timing the rise of soap bubbles in a 1.5 liter graduated tube.
Steam was delivered to the MET by a steady flow system similar to Morren's design for the water vapor resistojet [15] . Distilled water was supplied from an N 2 pressurized 500 ml buret, and liquid flow rate was determined by measuring the pressure drop across a set of commercial flow restrictors. Flow calibration was performed by timing the accumulation of water in a 5 ml pipette. Water was
